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Summary

With the CC-DLTS (= constant capacitance deep level transient spectro-
scopy) method the energy distribution of the interface state density and
the capture cross sections of MOS structures can be determined. A new
evaluation procedure for this method was developed.

The procedure used hitherto was based on rather restrictive assumptions
and therefore provided results of lesser reliability, The new procedure
requires more experimental data than the previous one, because one had
overlooked that the basic equations possess more than one solution, The
limits of the new procedure are outlined,

A full evaluation for the energy distribution of both the interface state
density and the capture cross sections is in the reach of to-day’ s instru-
mental means if N = 101 v-lem™“ . The previous method has a semi-
quantitative characfer. Though it yields interface state densities down to
102 v-lem-2 , it does not permit evaluation of capture cross sections and
energy distribution,

An experimental comparison of the CC-DLTS and conductance methods is
presented,
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Introduction

As pointed out in the last ''Final Technical Report' (January 1979) we ob-
served an inconsistency in the results obtained by the CC-DLTS method,

The results did not agree with the results of the conductance method, and
they showed some peculiarities. At first it seemed that they might only be
explained by far-fetched assumptions., We could show, however, that this
inconsistency was likely to be caused by an insufficient mathematical ap-
proximation of the basic equations, We conjectured that the dependence of
the capture cross sections on energy was unduly neglected. During the past
year this problem was investigated in more detail, and we found that the
conjecture proved to be true, A new evaluation procedure for the CC-DLTS
method was then developed. The results of this new evaluation were compared
with the results of the conductance method. The results of both methods have
agreed well, and the peculiarities previously found have disappeared.

A paper about the new method was presented at the INFOS 79-conference at

; Durham. An article was published in the conference proceedings /1/. The
new method and the most important results have been described there, That
article is reprinted in Appendix A of this report, We will therefore dispense
with another description of the new method, Because of the limited space in
the conference proceedings some points, however, have had to be cut down
or omitted. The points which were left out there and some results which
were obtained in the meantime will now be given in more detail in the fol-

) lowing.

1f not otherwise mentioned,the experimental examples in this report refer to
the same n-type MOS sample already described in Appendix A,

1. A comparison of the old and the new evaluation method

Although the former evaluation is a crude approximation, it is never-
theless worthwhile looking at the differences between the two methods:
In case the correlation signal data are near the limit to be measured
with sufficient accuracy, one may still obtain useful semiquantitative
values for the interface state density Ngg (but not for the capture cross
sections ¢ ) with an evaluation according to the previous method,

Therefore it is advisable to be familiar with the errors that can be intro-
duced with such an evaluation,

The main difference between the two methods is the different treatment of

the derivative d ln o/dE, The equations A, 9 and A, 10% hold for both
methods:

+
) The equations and figures denoted with A refer to Appendix A,
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In the old method the term with the derivative d ln ¢ /dE is considered to
be only a correction term which is neglected, Indeed, rarely does it ex-
ceed a value of more than 30 %. Hence, both methods give nearly the same
results for the interface state density Nss .

One has to pay attention when evaluating according to the old method that
the left side of eq. (1) has to be first considered to be a function of T. Not
until the second step of the evaluation is done is the temperature T put in
relation to the energy E . The second step, however, is faulty as shown
in the end of this paragr%ph. The analysis therefore has to be stopped after
calculating only N (T). One knows, however, that the low temperatures
are related to ene?iies near the majority carrier band edge and tempera-
tures near the room temperature mean midgap energies,

One must bear in mind, that occasionally this inaccurate evaluation may
produce spurious structures, e,g. peaks, into the N -curves. This oc-
curs, if d Ino /dE changes rapidly within a small er?esrgy range. As this
change is not taken into consideration when the correction term is neg-
lected, this change then appears in the Nss-curve.

The evaluation of the capture cross sections ¢ and the energy E accord-
ing to the former method fails entirely, Although sometimes the results of
the former and the new methods in respect to ¢(E) happen to agree fairly
well, we have to state that such an agreement is only fortuitous: In the
old method, where the derivative d ln ¢ /dE is neglected, the eq. A.9 and
A, 10 then are algebraic equations, Their solution is unambiguous,

In the improved method these equations are differential equations, and
their solutions can be displayed in a family of curves (Fig. A.5).

As in the old method only d Ino /dE is omitted, i.e.

dlno _

but the remaining expressions are retained, the old solution is closely con-
nected to the family of solutions of the new method: The old solution is rep-
resented by a trajectory to the family of curves, This trajectory intercon-
nects the maximum and minimum values, i.e. all points of the family of
curves where eq, (2) is valid.

An example is given in Fig. 1, The capture cross sections according to the
old solution start for low temperatures (about 60 K) at the point marked by
the single arrow, First the curve passes through the maxima, then it turns




back (at about 220 K) and passes through the minima and ends for high
temperatures (about 260 K) at the point marked by the double arrow,
Such retrograde curves are typical for the old solutions., Although the
curve fits the points of the conductance measurements at low tempera-
tures quite well, the agreement must be held only to be accidentally
good., The mathematical construction of the old solution lacks the phys-
ical basis, Another evidence that the old method is faulty is given by
putting the solution into the exact equation A,1, In Fig, 2 one can see
that the input data are not reproduced by the former solution,
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Fig. 1 Comparison of the former and the new evaluations,
The method hitherto used yields for the capture cross
section curve the trajectory through the maxima and
minima of the family of curves obtained by the new
evaluation (compare Fig. A.5).
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Fig. 2 Result of a check calculation, The solution of the old
method was put into the exact integral for obtaining the
correlation signals (eq. A.1). The measured correla-
tion signals (solid curves) have not been reproduced by
the calculated correlation signals (broken curves). The
improvement achieved by the new evaluation can be
assessed by a comparison with Fig, A.3 .

II. Supplementary comments about the determination
of the integration constant

It is shown in Appendix A that the differential equation of the CC-DLTS
method yields a family of solutions N_(E, ¢ )and o(E, o )+) . The dif-
ferent solutions are distinguished by the different initial values (integration
constants) ¢ , The correlation signals calculated from each of these so-
lutions can pogsess differen* " haviour in respect to temperature, This oc-
curs in the case when the en _y E is close to the Fermi level E_ (cf.
Fig, A.1) and consequently the emission gets limited. For each solftion
this reduced emission comesinto effect at a different temperature, The re-
duced emission is seen as a sharp drop of the correlation signal, An ex-
ample is given in Fig, 3 a and b,

When the curves of Fig. 3 a had been calculated surface potential fluctua-
tions were not taken into account., The actual conditions are therefore some-
what more complicated. In Fig. 4 one curve out of this family is corrected
for surface potential fluctuations of various magnitudes,

+) In this report we call one pair of functions NSS(E, oo), o(E, oo) one

solution,
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Correlation signals in case the emission is limited by E .
The correlation signals (Fig. 3a, a - e) are calculated with
E = -0.4eVand 0 = 0., The curves refer to the different
sos'lutions of the diffétential equation, which are depicted in
Fig, 3 b,
Curve m is the measured correlation signals with E =
-0.5 eV, The dotted line is obtained from m by plottmg
half its value, The intersections of the dotted curve with the
correlation signal curves are independent of variations in
(cf. Fig. 4) The sampling times to all the curves were
2.5ms/5 ms,
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Fig, 4 Correlation signal in case the emission is limited by E
and surface potential fluctuations are taken into account.
One of the curves (0) belonging to the family of curves of
Fig. 3 a is modified by taking surface potential fluctuations
of different magnitudes ( ¢ = 0,1, 2, 3,4 at 300 K) into
account. All these curves iftersect at a common point which
has half the value of the correlation signal whose emission
is not limited,
When calculating these curves it has been assumed that

agc: 1/T.

These curves have been calculated according to eq. A.14. As can be seen
from Fig. 4 there is a characteristic point, which is common to all the
curves of different variances ¢ . This point is characterized by the de-
crease of the correlation signalsg to virtually half the value of the original
one,

Therefore we can maintain as a rule for choosing the proper solution
NSS(E) and ¢ (E): First we have to record a correlation signal, the emis-
sion of which gets limited in a reasonable temperature region, Then we
have to calculate correlation signals (for any ¢ , say ¢ = 0) pertinent
to different solutions N (E, ¢ ), o¢(E, 6 ), THe criteriof for the proper
solution is the agreemerﬁf’t of the temperatuxge T where the calculated cor-
relation signal has dropped to half of its originaf value, to the temperature
T  of the corresponding point of the measured curve, In a third step an
acf]nustment of the variance Gg can be attempted,

Attentive readers will notice a discrepancy between the curves of Fig, A, 6
and Fig. 4 at low temperatures, A slight inaccuracy occurred in the de-
scription to Fig, A, 6:
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The curves of Fig. A, 6 were calculated according to eq. A, 14, but not -
as stated in Appendix A - with ogoc 1/T. We used a modified relation

T

4] s ——
g Tr o

with T* =100 K,
This relation yielded a better fit of the calculated curve to the measured
curve,

Such a modified relation can be justified, The proportionality between ¢
and 1/T is only a first order approximation, There is also a small depen%-
ence on the situation of the Fermi level Es . In case E_ is moving to-
wards the majority carrier band edge the variance 0 ecreases, Since
with the CC-DLTS technique E indeed moves towargs the conduction band
edge when the temperature is lgwered, the 1/T-dependence of ¢ _ has to be
mitigated, This modified relation has not impaired the conclusionis drawn
here or in Appendix A,

III. Error analysis

The main experimental errors are found in noise and drift of the correla-
tion signals, In comparison to these errors the other errors involved in the
measurement (e. g. oxide capacitance, surface potential, etc.) can be neg-
lected. In order to come to an estimation of how strongly these errors influ-
ence the results the (2,5 ms - 5 ms)-correlation signal (curve B of Fig.
A.3) was modified in ten different ways by a computer simulation. The
deviations to the actual data have been 0,5 % on the average and 1 % at
most,

The ten results are displayed in the Fig. 5 and 6. The curves of the capture
cross sections intersect at a fitting point arbitrarily chosen on the curve
which represents the best fit to the conductance measurements,

It must be taken into account that

- the errors mentioned above are somewhat too optimistically
assessed

- the other correlation signal should also be varied in the same
way

- the fitting point is also subjected to errors,

Therefore the actual error margin will be roughly given by the dotted lines,

To present numerical values: The error of the interface state density
amounts to about 25 %, and the error of the capture cross : ections is about
an order of magnitude, In comparison the errors of the same sample ac-
cording to the conductance method are smaller by about a factor 4,
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Fig. 5 Error analysis of the interface state density (cf. Fig. A.4).
One of the correlation signals of Fig. A, 3 was modified less
than 1 % (0.5 % on the average) in ten different ways. As the
experimental errors are greater, the dotted lines represent
the real error margin,
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It is still too early a stage of investigation as to supply a general error
analysis of the CC-DLTS method. Surely the method is amenable to further
improvement. Considering these results and complementing them by the
findings of paragraph V (p-type sample) we may hope that a full evaluation
for N__(E) and o (E) will be achieved for N_ = 10 0y-tem=2, if the
equipment is improved, A reduced evaluation’with respect to N__(T) (cf.
paragraph I) is possible for NSS?: 109 v-lem-2 or perhaps even smaller
values,

1V, CC-DLTS analysis of interfaces with different
types of interface states

When deriving the evaluation method of Appendix A it has been presupposed
that two (or more) types of interface states of the same energy with different
capture cross sections must not be present in the interface. In Fig. 7a - ¢
and Fig. 8 a - ¢ results are depicted if this requirement is violated,

The results of these figures have been obtained by a computer simulation,
Two types of interface states have been assumed:

(i) The interface state density of one of the two types is continuously
increasing towards the majority band edFe. The capture cross
sections are constant and amount to 107+ cm? (double-lined curves
in Fig, 7 b and c).

(ii) The other type is confined to a small energy interval (dotted curve
in Fig. 7 b) with a constant interface state density smaller by a
factor of about 5 than that one of the continuous states. The capture
cross sections are also constant and amount to 10'10 cm2 {dotted
curve in Fig, 7 c).

With each of these data the correlation signals according to eq. A.1 have
been calculated and then added up (Fig. 7 a). The effect of the "single-level'-
state is just discernible in the correlation signals at about 150 K.

A formal evaluation according to the method of Appendix A yields the family
of functions shown in Fig, 7 b and ¢ (solid curves).

The modification of the correlation signals caused by the single level state
deforms the capture cross section curves conspicuously, The same humps
then again turn up in the curves of the interface state density (Fig. 7 b).
Similar to the deformations of the N__-curves described in paragraph I the
deviations of the Nss- curves are eiffier positive or negative depending on
the sign of the derivative of the ¢ -curve,

The contents of Fig., 8 a - ¢ are the same as of Fig, 7, except a larger
interface state density of the single level state has been assumed. Several




curves are split. This occurred because the numerical values of some aux-
iliary variables got outside the available range of the computer used.
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Fig, 7 CC-DLTS evaluation of samples with two types of interfuce :
states, . )
It has been stated in Appendix A that the suggested CC-DI.TS :
evaluation fails if two (or more) types of interface states are ‘
involved. These figures show the result of a computer simula- !
tion. It has been assumed, that two types of interface states l
are simultanously present: (i) continuous states (double lines !
in Fig. b and ¢), (ii) a ""single level" state (dotted lines in l
Fig. b and c). With these data as initial values the correla- ‘.
tion signals (Fig. a) were calculated according to eq. A.1, :
Then the evaluation method of Appendix A was applied to these [
computed correlation signals., The results are displayed in
Fig. b and ¢. They show what has already been stated, that
the purview is transgressed within which the CC-DLTS eval-
uation according to Appendix A can be employed,

It has not been shown in the figures that by inserting the solutions into !
the correlation integral (eq.A\. 1) the test calculation reproduces the start-
ing corrclation signals rather badly,
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Fig, 8 CC-DL.Ts evaluation of samples with two types of
interface states,
The contents are the same as in Fig, 7, except the
density of the "single level' state is increased,

In conclusion we have to state: If more than one type of interface state is
suspected to be present, then the results of the evaluation method suggested
in Appendix A have to be very cautiously interpreted. Or in other words: In
case the computed functions N_(E) and o (E) possess a complex structure,
two or more types of interface’sStates must be assumed, The numerical
result is then doubtful, unless other tests reveal the reverse,

V. Measurements on p-tvpe MOS structures

The measurement of interface states on p-type MOS diodes has presented
particular features all the time:

(i) Conductance measurement: The properties of p-type MOS diodes have
not been possible to be measured as closely to the majority carrier
band edge as it was possible on n-type MOS samples, There are two
reasons for this difficulty /2/:
First, the capture cross sections for holes are smaller than the cap-
ture cross sections for electrons, Therefore, and because the relaxation

T T r o

ey




frequency of the interface state under investigation must be chosen
according to the frequency range prescribed by the conductance meas-
uring equipment, the measurements have to be performed at bias re-
gions where the capacitance dispersion is small, In consequence, the i
p-type samples can only be analysed with reduced accuracy compared
with n-type samples.

Second, a limit of the conduction method is reached when the surface
potential fluctuations become larger (cf. Fig. 17 and 18 in /2/). This
occurs both for n-type and p-type samples at low temperatures, for
p-type samples, however, to a larger extend. In case of large surface

potential fluctuations data fitting becomes difficult because of an in-
creasing error propagation,
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(ii) DL TS measurements: The interface state density N of p-type MOS
diodes when measured with the CC-DLTS method, has shown a clear
decay towards the valence band edge (Fig. 9 taken from Schulz /3/).

This observation is in strong contrast to the results of quasistatic
measurements,

10'

>

[d
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2 8 Densities of interface states as measured by

-

z CC-DLTS for MOS capacitors on n-type (curve A) 1
©’ and p-type (curve B) silicon. The decay observed for

p-type samples seems to be a continuation of the
variation observed in n-type matenal. The strong
increase in the density of states shown in figure 3

108 is not visible.
0 02 04 06 08 10
£ £ teV) £,

Fig, 9 Densities of interface states as measured by the CC-DLTS

method and evaluated by the former mathematical procedure
(from M. Schulz /3/).

Considering the latter inconsistency with respect to the improved evaluation
of the CC-DLTS method one must infer that the capture cross sections

o (E) of p-type MOS structures are likely to increase towards the valence
band, The correction factor with the term d Ino /dE previously neglected

in eq. (1) will then change the decay of N s into an increase if it is taken
into account, 8

Moreover, capture cross sections increasing in such a manner will also
explain the difficulties found in the conduction method with p-type samples:




As long as the capture cross sections slowly decrease with respect to energy
towards the majority carrier band, they may be taken stepwise constant
without severely affecting the results of the conductance method (Deuling

et al, /4/). As can be shown, this does not hold in case the capture cross
sections increase or strongly decrease, The relaxation broadening then ap-
pears to be intensified. It looks as if the surface potential fluctuations have
increased, It is just this observation which is found in p-type samples.

Therefore the measurements on p-type MOS structures have been important
not only to test the applicability of the CC-DLTS method but also to look for
positive evidence for increasing capture cross sections.

At first we chose p-type samples with rather high interface state densities
for the experiments. By this we wanted to anticipate troubles arising from
signals too weak, We had to learn, however, that these samples showed a
temperature hysteresis when measured with the CC-DLTS method,although
the stability sufficed the requirements of the conductance and the quasistatic
measurements, An example is given in Fig, 10. We did not investigate the
cause of this instability.

We later got a p-type MOS diode of lower interface state density which was
stable enough to be measured by the quasistatic, the conductance and the
CC-DLTS method. It was an MOS diode, which was oxidized in a flow of
oxygen and HC1 at 1000 © C to 117 nm after the usual cleaning. Two anneal-
ing processes followed: one (10 min, N 1000 © C) directly after the oxida-
tion, the other (30 min, N2/I-12 , 450 0%3) after the metalisation of the alu-
minum dots, We used epi- sﬂ);con (100). The upper layer (10 ,um thick) had
a doping density of 3,2 x 10 . The oxide of the back side was removed,
Aluminum was evaporated to form the back contact,

The quasistatic measurement and the complete conductance measurements
were performed as described in /2/, A few conductance measurements were
carried out according to a more economical procedure /5/., We only used
this procedure in order to obtain several capture cross sections in addition
without evaluating for the density of interface states and surface potential
fluctuations,

The evaluation of the CC-DLTS measurements yielded results that looked
quite wrong at first, in particular the capture cross sections differed con-
siderably from the results of the conductance measurements, In order to
make the search for the fault easier we calculated the correlation signals
to be expected from the data of the conductance method, It turned out that
there was hardly any principal fault to find in the CC-DLTS measurements,
The poor results were chiefly caused by error propagation,

Therefore, in order to compare the methods on a reasonable basis, we mod-
ified the evaluation of the measured correlation signals by including the cap-
ture cross sections obtained by the conductance method. In particular we
proceeded in the following way:
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Fig. 10 Correlation signals of a p-type MOS diode with a high
density of interface states.
This MOS diode (doping density 1.5 x 10 ctﬁ ) was oxidized
at 975 ° C in a wet atmosphere to 100 nm, The interface state
den51ty ?s measured by the conductance method is about
10!l cm”~“ , At low temperatures the correlation signals
have been reproduc1b1e Only at temperatures greater than
170 K the readings for increasing and decreasing tempera-
tures, however, have been different, Each temperature run
took 90 min,
We did not 100k for the cause of this instability, and we have
not attempted to evaluate these curves, because the results
of the conductance method yielded that data of the instable
region were needed for the CC-DLTS evaluation. The sam-
pling times were 2.5 ms/5 ms (curve a) and 25 ms/50 ms
{curve b),

The two measured correlation signals were smoothed by averaging the
noise components by visual judgement, These were the curves that gave
the bad results, Next, a capture cross section ¢ and its derivative
D-dlno /dE was then selected from the curve obtained by the conduct-
ance method (Fig, 11). According to eq. A.4 temperatures T, and T
were calculated for the two correlation signals (with the sam )hng t1me

t, andt resp.). For each of the two correlation signals there exist
two equa%xons of the kind like eq. (1). From these two equations N (E )
can be eliminated: °
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The terms on the left side of this equation are correlation signals obtained
by CC-DLTS measurement only. On the right side there are only terms that
are known from conductance measurement, They were either calculated
from eq. A. 4 or taken from Fig. 11,
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Fig, 11 Capture cross sections of a p-type MOS capacitor.

The measurements were performed on two capacitors of the
same wafer by the conductance method. Each of the
measuring points comes from a different temperature,
except the points with the arrows, They were measured
at room temperature (crosses) and at 142 K (circles).
The parallel shift of the two curves is caused for the
most part by having computed the two curves with
slightly different sets of basic constants (energy gap,
its temperature coefficient, effective mass of holes,
etc.). An error of 20 % in the doping density will affect
the value of the capture cross sections by a factor 2,
but all points will shift in the same way, virtually inde-
pendent of temperature.

We gather from this figure, that the capture cross sec-
tions of p~-type MOS samples first increase, Then they
decrease towards the valen-e band edge as n-type
samples do towaids the <onduction band edge.
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By this we are able to check the consistency of the measured correlation
signals at the temperatures (T,, T,) with the capture cross sections of the
conductance method, We did so for several pairs (T,, T,). In case we did
not find an agreement we increased the value of one correlation signal and
reduced the value of the other one by the same percentage until eq. (3) was
fulfilled, We found that these alterations of the correlation signals were by
no means serious. Except for low temperatures there was only need to
vary the correlation signals by 2 % at most, We regard this alteration to
be within the expected errors.

In order to simplify the computer evaluation we did not directly use these
modified correlation signals, but from them we constructed a polygonal
trace in steps of 10 K (Fig. 12),

As the correlation signals were changed only to a small amount we may
infer that the CC-DLTS evaluation of these correlation signals yields an
interface state density N independent of the results of the conductance
method, The interface sfite density as obtained by the three methods are
shown in Fig, 13,

As stated in the caption of Fig, 13 the question remains open whether the
decrease of N as measured by the DL TS method is only an artifact of
the method orsrseally exists. On the other hand the measurements show
clearly, that in the energy ranges where the three methods overlap no con-
tradiction between the results of the three methods can be discovered.

Further results were obtained by the conductance measurements: The cap-
ture cross sections (for holes) increase in midgap, but later the increase
changes to a distinct decrease towards the valence band (Fig. 11), The in-
crease of the capture cross sections, however, is too small to affect the
results of the conduction measurements by giving the false impression of a
broader relaxation range. The increase is also too small to alter the de-

crease of NSs into an increase when evaluating the CC-DL TS measure-~
ments,

There is still an objection to the increase of the capture cross sections:
Usually the doping density is assumed to be constant when the measure-

ment data are evaluated. This assumption, however, does not hold in
reality,

During the oxidation of the silicon wafer the dopant is redistributed in a
zone near the interface, In p-type capacitors with boron as dopant the
doping density is lowered at the interface. A rough estimate shows that
taking the redistribution into consideration the increase of the capture
cross sections will be smaller, We have not yet treated this problem quan-
titatively, An experimental test reveals that the effect is probably not
great: In Fig, 11 two pairs of points are marked by arrows, Each pair was
measured at the same temperature (whereas each of the other points were
measured at different temperatures). Within each pair (of the same
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Fig. 12 Correlation signals of the p-type MOS capacitor,
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The sampling times were 2,5 ms/5 ms for curve a and

25 ms /50 ms for curve b. The capacitance was kept con-
stant at C/Cox = 0.518, which corresponds to a surface
potential of 9~ = 0,29 V at 300 K. For the computer eval-
uation the measured curves were ''averaged' in a manner
which is fully described in the text. These values are rep-
resented by the solid polygonal traces, In order to make
the differences between the two correlation signals more
easily visible the corresponding curve with the other sam-
pling times is inserted as a broken line,

The curves of the Fig, 13, 14, 15 were computed from
these polygonal traces,
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Fig. 13 Interface state density of a p-type MOS capacitor,
The interface state density was measured by three methods:
the quasistatic method after Kuhn (full dots and broken curve),
the conductance method (crosses) and the CC-DLTS method
(solid curve).
The interface state density as measured by the CC-DLTS
method and evaluated by the improved mathematical proce-
dure still decreases towards the valence band edge (cf,
Fig. 9). It is not possible, however, to verify or refute this
decrease by the other measuring methods, The vestige of a
decay, that can be seen in the crosses of the conductance
method, is only supported by the cross at the very right. If
this measuring point was absent, one would rather draw the
conclusion that the density of interface states is constant,
The quasistatic measurement indicates a slight increase. Con- ;
sidering the scattering errors it is likely, however, that this ‘.j
indication is not real, By the way, the error that is common |3
to all points of the quasistatic method amounts to about 35 %, 3
The broken line can therefore be shifted up and down consider-
ably.
The question about the decay of the interface states towards
the valence band is still open, A positive result of this in-
vestigation is, tha. the three methods agree well in the
region where they overlap,
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temperature) the points distinguish themszlves by having a space charge
layer of different depth, The mean doping densities as seen by the space
charge layers are therefore different as well. Although the mean doping
densities are different, the capture cross sections fit very well to the gen-
aral trend of the curves, Consequently we can conclude that the effect of
redistribution is hardly of any importance,.

At the begin of this paragraph two causes have been stated by which the con-
ductance measurements are limited, One cause is found in the rather small
capture cross sections, As explained above the bias has to be shifted into
regions of the capacitance curve where the capacitance dispersion is small
and the error propagation therefore is great.

In contrast to an expectation mentioned at the beginning,the surface potential
fluctuation, which normally increases with decreasing temperature when
measured in kT /q-units, did not put an end to the evaluation of the conduct-
ance measurements of this sample, Even at the lowest temperature (170 K)
the surface potential fluctuation was only og =1,65.

Another cause, however, is found in a contribution of the back contact to the

conductance of the total network. At low temperatures and at high frequencies

it gets more and more difficult to separate this contribution from the losses
of the interface states.
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Fig. 14 Error analysis of the interface state density of
the p-type MOS capacitor,
The error propagation was investigated in the same
manner as it was done with the n-type sample (cf.
Fig. 5).
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An analysis of the error propagation (Fig. 14 and 15) was carried out in a
similar way as it was done for the n-type sample (paragraph III). One has
to note that the magnitude of the errors(l % at most, 0.5 % on the average),
from which this analysis started, are less than the actual errors of the
measurement of the p~type sample, On the other hand, the wide spread of
N in Fig. 14 is chiefly caused by the great error of the slope of ¢ . In
case the slope of the capture cross section is known (as it is in this paper
from conductance measurements), the error of the density of interface
states is almost only given by the error of the correlation signals.
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Fig. 15 Error analysis of the capture cross sections of the
p-type MOS capacitor.
(cf. Fig. 14 and Fig. 6),

VI, Conclusions

We have shown by our study that the CC-DLTS method can be a valuable
means to investigate the interface properties of MOS structures, At the
time being, however, this method cannot yet replace the other usual meth-
ods, e, g. the quasistatic method and the conductance method.

In order to adjust the CC-DLTS equipment to the sample under investiga-
tion a high frequency capacitance measurement as a function of the bias
has to precede the CC-DLTS measurement in future, too, In these circum-
stances nearly no additional effort is required to complement the hf-capac-
itance measurement by a slow ramp measurement and then evaluate the
readings according to the quasistatic method after Kuhn, The profit of
having full information by the quasistatic method will generally be more

useful than the advantage of dispensing with an additional capacitance
measurement,

The CC-DLTS technique can be very advantageous even in its simple ar-
rangement, where only Nss in dependence on T is measured (cf,




paragraph I). In this case the CC-DLTS equipment does not need particu-
larly sophisticated instrumentation, especially the same capacitance bridge
as for the c-v-measurement and a simple cryostat may be used, The two
methods, i.e. the quasistatic and the CC-DLTS method, complement one
another very well because the CC-DLTS technique is more sensitive in
re§8ect t(i N s than the quasistatic method (whose limit is reached at about
10 e s<:m"2). This technique will be well suitable for routine meas-
urements, for example for weekly random tests in production lines.

The situation is different, if we compare the CC-DLTS t- 'nique with the
conductance technique. As shown in Appendix A it was jL.f'lt possible to eval-
uate a sample with an interface state density of N = 10 v-lem” . We
saw in paragraph V that a sample with N = S8 1010 y-tem=2 could
only be evaluated after some results of tRE conductance method had been
consulted,

In order to make the CC-DLTS method u serious competi‘tor to the con-
ductance method,the experimental setup has to be considerably improved in
data acquisition and processing. As one can conclude from the error analysis
shown in Fig, 5/6 and Fig. 14/15,it is mandatory that the errors of the cor-
relation signals are reduced to distinctly less than 1 %, Moreover,it is ad-
visable to use more than two correlation signals, Proceeding in such a way
does not only reduce the errors,but one can also accomplish an Arrhenius-
plot ( © -T plot). By it the validity of some presuppositions (independence of
the capture cross sections of temperature or electric field, etc.) can be
checked. The mathematical procedure suggested in Appendix A can easily be
generalized to handle more than two, say n, correlation signals, The equa-
tions like eq., A,9 then form an overdetermined system of n equations,
which can be solved by a least square method,

Such an extensive measuring task can only be accomplished with an on-line com-
puter operation, Then the correlation signals should no longer be developed
electronically but in the computer itself, The data stored have to be the volt-
age transients at several points of time, for instance 1 ms, 2 ms, 4 ms, ...
128 ms. By this, 7 correlation signals can be generated. It will be sufficient

to measure these voltage transients in 3 - 4 K steps frum about 50 K to 300 K.
We estimate that each transient has to be averaged by more than 100, maybe
even 1000 runs, As can be seen from the following the increase of time

needed for an improved data acquisition is the limiting factor to a full CC-
DLTS evaluation, The measuring time will be:

Number of transients: §0—0—;-—E£ = 84

Duration of each transient: 0.15 s

Duration for stabilizing the

temperature after each step: 60 s

Total time of the 84 x (200, .100:9) x 0.15 + 84 x 60
measurement: =(7.5...18)*10" s = (2,..5) hours
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We exptfct that a full evaluation iszonly successful with samples of more
than 10'? interface states/V - cm

There are still two points concerning the mathematical procedure, which
must not be overlooked:

First, the correlation signals recalculated with a solution Ns (E), o (E)
differ from the starting correlation signals by 0.5 % to 1 %. SThe other
way round, improving the accuracy of the measured correlation signals to

better than approximately 1 % will be of no avail, because the inherent er-
ror of the mathematical approximation then prevails.

Second, as pointed out in Appendix A the starting equations of the CC-DLTS
problem consist of a system of integral equations. So far nothing is known
about the solutions and especially nothing about their manifoldness. It is
likely that there are still more solutions than those given in Appendix A,

The suggested solutions may probably be distinguished from the other hypo-
thetical ones by being "'most smooth': Within an energy interval A E deter-
mined by the weighting function (Fig. A, 2) the functions N_(E) and o (E)
are represented by only a single value each and the higherS derivatives of
Nss and lno are stepwise constant or vanishing,

One has to expect that the solutions of the hypothetical type are represented
by more than one value in each interval, so that the higher derivatives do

not vanish and thus the two functions N and ¢ vary strongly within short
distances, S8

These solutions can either oscillate across the approximations given in Ap-
pendix A, or they can diverge from these old solutions., According to our
measurements, the "'smooth' functions are seemingly the solutions adequate
to the CC-DLTS problem, Then the question arises why nature excludes
these hypothetical solutions and prefers the ''smooth' curves, This answer
has to be the task of a future investigation,
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Appendix A

(Insulating Films on Semiconductors, 1979
Edited by G.G. Roberts and M.J. Morant)

Inst. Phys. Conf. Ser. No. 50: Chapter 2 97

The evaluation of transient capacitance
measurements on MOS interfaces

E Klausmann
Fraunhofer-I filr Ang dte Festkorperphysik, Eckersurasse 4, D-7800 Freiburg,
West Germany

. Abstract. A new dure is developed for evaluating the densty of interface states and
capiure cross sections of MOS interfaces by means of the CC-DLTS method The pro-
cedure used hitherto was based on rather restrictive assumptions. The sulution cannot be
determined unambiguously with only two sets (correlation signals) of measured data.

Additional data are required, either from CC-DLTS s or the ductance
hod, to blish the q of the sol An exp al P of the
CC-DLTS and ductance hods s p d.

1. Introduction

The conduction method is generally considered to be the standard procedure for analysis
of the properties of the interface states of Mos structures (Nicollian and Goetzberger
1967, Deuling er al 1972, Goetzberger et al 1976), This method has been used to obtain
the most reliable results on the energy distribution of the densities of interface states and
capture cross sections over a wide range of energies. The biggest drawback is, however,
the great amount of time needed for the measurements and the necessity for the measur-
ing equipment to be permanently attended when in operation. Some progress towards
obtaining conductance measurements more rapidly has recently been achieved by a lock-
in amplifier technique (Boudry 1978).

A strong competitor to the conduction method has recently emerged in the cc~pL 1S
technique (constant-capacitance deep-level-transient spectroscopy; Johnson er al 1978,
Schulz and Klausmann 1979). The most striking advantages are the short measuring time
(about ten times faster than the conventional conductance method) and the semi
automatic operation that only needs occasional supervision.

The competitive aspect should not, however, be stressed too much. As pointed out 1n
the papers cited, the two methods also complement each other. For instance, results
obtained by the cc-DLTS method are hardly affected by fluctuations in the surface
potential and measurements made at low temperatures are more easily interpreted.
Information about the statistical distribution of the oxide charges is only provided in full
detail by the conductance method. However, the validity of these statements is not as
strict as was claimed previously, a resuit that is a by-product of this paper.

In an experimental comparison of the two methods, some differences in the results
were observed. A closer inspection of the procedure used to evaluate the cc-pLTS
method showed that some assumptions did not really meet the actual conditions. The

0305-2346/80/0050-0097802.00 © 1980 The Institute of Physics
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abandoned, but as 3 consequence, the solutions for the density of interface states and
the capture cross sections are no longer unique. To find the proper solutions, additional
measurements, obtained by either the conductance method or by the cc-DLTS tech-
nique, must be performed. For the latter method, surface potential fluctuations are of
considerable importance.

It is still difficult to give a general estimate of the errors involved in the cc-DLTS
method. Densities of interface states can definitely be measured to less than 10V ™!
cm™?, and in the expenmental example given here. errors in calculating the capture cross
sections amount to about an order of magrutude. An experimental companson with the
conductance method is given, agreement between the two methods is fair.
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Abstract. The constant capacttance transient capacitance technique (CC-DLTS) was ap-
plied to analyse the effect of impurities on MOS interface states. The elements Cs, Pb, Xe
were ton implanted prior to oxidation. Sodium was implanted directly into SiO, and drifted
to the interface. The alkali ions cause a steep increase in the density of interface states near
the conduction band edge. The other elements studied show little effect on the interface
propertics. The capture cross-section for electrons decreases strongly near the conduction

band.

PACS: 7340

We have studied the effect of impurities on density and
properties of MOS interface states. The influence of
impurities in semiconductor insulator interfaces is not
well understood. but it is expected that impurities have
a strong effect since in recent vears the density of states
in MOS interfaces could be markedly reduced by
improvement of cleanliness standards.

lon implantation was used to introduce the impurity
into the MOS interface for the study using the same
technique. as previously published [1]. lon implan-
tauon makes it possible to select special types of
clements with high purity and to incorporate these
elements directly into the interface in a controlled
manner by choosing the appropriate energy. In order
to avoid radiation damage in the interface we implant
the impurity under consideration before oxidation into
the bare silicon surface with a well controlied dose of
the order 10'2-10"*cm ™ 2. The silicon wafer is then
oxidised thermally with standard technology 1o obtain
approximately 1000 A thin SiO, layers. It is known that
during formation of the oxide from the implanted Si-
layer, the impurity redistributes itself to establish an

cquilibrium with the interface. As indicated in the
schematic drawing of Fig. 1. most impurities are get-
tered in the interface region. A concentration profile
with peaks in the interface and at the surface is
generally observed by secondary ion mass spectrosco-
py SIMS [1.2].

Surface

Implantation

Oxide Growth

Surface Interface

Fig | Schematie drawing of the procedure to introduce an im-
planted impurity into the MOS interface

0340-3792 79.0018 0169 'S01.40
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M Si02 Si also have an effect on the fast interface state density

M S0y S

Vol

Depletion
Accumuiqtion

emission
trop filling

e= OVyy N, exp[—E/kﬂ

Fig. 2 Schematic drawing to illustrate the measurement principle of
DLTS applied to an MOS structure

capacitance

canstant

"

voltoge

5t 2t T2t M

Fig. 3. Schematic drawing to explain the correlation procedure in the
“Constant Capacitance Transient Spectroscopy™ CC-DLTS

The new feature of the present paper is the application
of the transient capacitance measurement technique
DLTS to analyse the dynamic properties of MOS
interface states in presence of impurities. The DLTS
technique has been mainly used to measure bulk
defects [3-5]. It has also been successfully applied to
studv MOS interface states in the case of state-of-the-
art clean MGS interfaces [6-8]. The technique features
high sensitivity and complements the conventional
techniques, e.g. the quasistatic and conductance tech-
nique for measuring interface state properties, in that it
is not affected by surface potential fluctuations which
arise {rom the random spatial distribution of fixed
positive charge in the oxide. The technique is therefore
especially advantageous for measuring interface states
at energies close 10 the band edge.

Details on the measurement technique and the eva-
luation analysis are given elsewherc [9]. Here we only
explain the main details of the measurement procedure
and evaluation, New results are shown for the interface
state density distribution in presence of the alkali
elements Cs and Na in the interface region. These
elements are known to have a critical effect on the fixed
interface charge. We could show that these impurities

close to the band edges. This region is not accessable to
the conventional measurement techniques. Results for
other contaminants, e.g. Pb and Xe. which mainly
cause radiation damage are also shown. The experi-
mental results are discussed in the light of theoretical
models for MOS interface states.

DLTS-Measurement on MOS Structures

The measurement principle is explained in Figs. 2 and
3. During a 20ps pulse the MOS capacitor is biased
into accumulation to fill all interface traps with ma-
jority charge carriers, e.g. in our case electrons. During
the pulse interval the bias voltage 1s adjusted so that
the Fermi level in equilibrium is located in a midgap
position. The change of the interface charge is moni-
tored by measurement of the MOS capacitance. As
indicated in Fig. 3. we use a feedback from the capaci-
tance bridge to the bias power supply to maintain a
constant capacitance. The relaxation of the interface
charge 1s then monitored by the bias voltage. The
change of the gate voltage required to maintain a
constant capacitance appears only across the oxide
layer. The interface charge change per unit area 1Q (1)
=¢JN,, which is proportional to the interface state
density therefore is simply related to the observed gate
voltage signal 411 by

AV(ny=AIQ 1) C, . ()

where C,_ is the oxide capacitance and A the capacitor
metal gate area. It is assumed that during the pulse
interval interface states emit the trapped charge by
thermal emission [ ~exp(—t/7,)] with time constant

L1, =06, Noexp(—EKT), (2)

where o, is the capture cross-section and t, the
thermal velocity of electrons, N . the effective density of
states in the conduction band, and E the energy depth
of the interface state below the conduction band edge.
As indicated in Fig. 3, the gate voltage V¥, is sampled at
two different delay umes t; and r,=2r, and the
difference signal

AV, =) - Vgity) 3)

is formed in the DLTS measurement. For clectron
emission from a continuous distribution of interface
traps, we obtain for the DLTS signal A} from (1)-(3)

AV;=A/Cy, [qN (E)

[exp(—1t,/t,)—exp(~t,1)]dE. @
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For a constant or slowly varyving capture cross-section
and miterface state density the integrand is sharply
peaked at energy E, (6]

L,=ATIntG,0, Nt In2) (3
and
M, =kTAIN2N (E,) Cy,. (6)

Thus. the emission signal divided by temperature is
directly proportional to the interface state density at
energy E,. The energy interval over which interface
traps contribute to the DLTS signal 1s AE=kTin2.
Both. the width of the interval JE, and its location in
energy E, increase linearly with temperature. The
energy resolution is therefore greatest at low tempera-
tures where the sampled interval is closest to the
conduction band and where the interface state density
and capture cross-section is expected to vary most
rapidly. The larger energy intervals obtained at high
temperatures provide enhanced sensitvity for detect-
ing low densities ol interface states which are typically
found near midgap.

The capture cross-section 1s obtained from two or
more temperature scans taken at different delay time
constants ¢, and :, by using (5) and noting that the
same density of states at a given Eg is measured at two
different temperatures T and T. The analytical ex-
pression for the capture cross-section is

a,=Un2 b, Nau, ) a-m N

Equations (5) and (7) are used to analyse the experi-
ment. A compartson of the DLTS-technique with the
comentional conductance technique for the measure-
ment of interface state densities is given in Fig. 4. In the
conductance technique. the position of the Fermi level
is used to probe the energy position of deep levels at
the surface. Only those states which are within a few kT
in the vicinity of the Fermi level contribute to the
measured conductance signal.

The transition of charge carriers which is sensed in the
conductance techmque is marked by CT in Fig 4a.
Bulk levels are only measured at the cross-over with
the Fermi level. This cross-over occurs in a narrow
region because of the band bending. The conductance
technique is therefore insensitive 1o bulk states.

The effect of potential fluctuations in the surface is
indicated in Fig. 4b. In the conductance technique, the
energy resolution is smeared out by the potential
fluctuation. In the DLTS-technique. the emission time
constant is measured. This time constant is only
dependent on the local energy depth under the band
edge for pure thermal emission and is independent of
the position of the Fermi level. The total number of
states in the space charge layer is measured indc-

Comporison of Measurement Technigues

a) in-depth view b} in-plone view

Conductance Technique (CT)

N(E) ——— NE{T))
phay N(t(E,0))

oE.T) RN TR

bulk level -smalt bulk level - large

elaborate measurement T-scan

Fig 4. Comparison of the conductance technique and CC-DLTS
technique in the measurement of bulk and interface states in
MOS structures

pendent of band bending and potential fluctuations.
DLTS therefore is very sensitive also to bulk states.
However the spectrum of the states is measured as a
function of the emission time constant rather than
energy. The energy dependence of the number of states
and the capture cross-section can only be obtained by
a deconvolution of the measured data. The com-
parison of the varnious properties is listed in Fig. 4.

Experiment

The silicon samples (approx. 1Ohmem n-type epi-
taxial material on low resistivity substrate) were im-
planted before oxidation. The implantation was per-
formed at room temperature at an angle of about 7°
with respect to a low-index crystal orientation. The
implantation energy was chosen to obtain a projected
range of approx. 600A according to the LSS table
computed by Johnson and Gibbons [10]. The Si0,
film was grown under standard dry oxidation con-
ditions at 1050 "C 1o a thickness of 600 to 1200 A. For
the elements under investigation Cs, Pb, Xc¢ 1t was
known from our earlier work where we have per-
formed secondary ion mass spectroscopy SIMS that
these imporities pile up at the interface during oxide
growth.

For the case of sodium a shallow implantation into the
oxide was performed to contaminate the MOS struc-
ture intentionally. Sodium can be drifted to and away
from the interface at room temperature by applying a
dc bias field. A flat band voltage shift-from -6V to
—34V was observed after 30min drift with 10V d¢
bias voltage.

The DLTS measurement system has been described

elsewherce [4.8.9). The only new feature in CC-DLTS .

is a feedback loop from the capacitance brnidge to the

Transient Spectroscopy (TS)
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Fig. 5. Block diagram of the apparatus for the CC-DLTS measurement system which is used to analyse interface states
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Fig. 6. Temperature scan of the DLTS correlation signal for a cesium
contaminated MOS structure. Parameter is the delay time constant
used in the DLTS technmique

dc voltage supply to maintain a constant capacitance’

of the MOS structure. The block diagram of the
measurement system is shown in Fig. S.

Results

A typical temperature scan of the DLTS signal for a Cs
contaminated sample is shown in Fig. 6. Two tempera-
ture scans of the DLTS correlation signal taken with

e “v.;ﬁ;-:._"_*_ gt

E-E(MV500 400 300 200 100 0%
0 -2, R =
Ng (10 em™“eV') Cs 107 em? n-type S o
g
=10
1|

]
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10+ 1
-1
st 1216
4{~-18

0300 760 700 ) 00 )
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Fig. 7. Density of interface states N, and capture cross-section a, as
evaluated from the measurement in Fig. 6 for a cesium contaminated
MOS structure

two pairs of sampling delay times § 2ms ¢ie. [ and
2ms) and 5/10ms were recorded. The cesium dose
implanted into the bare silicon before oxidation was
103 cm 2. The shape of the observed signal vs. tem-
perature is quite different to the shape observed in
state-of-the-art clean samples [ 6,97, A steep increase of
the signal is observed at low temperatures. A strong
peak is superimposed at approx. 220K,
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In Fig. 7 the experimental curves of Fig. 6 are evaluat-
cd to obtam the density of interface states NV and the
captuse cross-section 4, by using (6) and (7). The values
N . and 4, are plotted as a function of temperature. An
approsumate energy scale ts obtained by using (5) and
the continuous curve for 6. This scale is marked at the
top of Fig. 7. It should be noted, however, that the
peak at 220 K which also appears in the capture cross-
sechion does not it into the continuous energy scale.
The energy position of the peak is evaluated to approx.
03¢V hecause of its high capture cross-section. This
peak in the density of interface state at 220K and the
peak o the capture cross-section indicate that this
state differs from the continuous background of
slates,

Lhe background density of states is rather low around
I em < eV oat high temperatures where states
near midgap are observed and increases very steeply at
low temperatures where states close to the band edge
are observed. The increase at low temperatures and
shallow energy depths s much steeper than it was
observed in state-of-the-art clean MOS samples. The
sananon of the capture cross-section for the back-
ground of interfuce states texcluding the peak) is
compurable to the observation in clean samples. In the
mudeap regton the capture cross-section is of the order
10 P em At shallow energy depths E,~0.2eV the
value of the capture cross-section drops (o low values
of the order of 10 ""em?. The capture cross-section
seets not 1o be atfected by the cesium contamination.
Ounly the density of states near the band edge is
strongly increased.

The same general behavior of the number of interface
states is observed after sodium contamination by
mplantation of a small dose 10"'em™? into the
surface. The nterluce state density observed before
dnft (A) and after drift (B) of sodium ions away from
the mterface 1s shown in Fig. 8. The amount of positive
sodium ion charge shifted from the interface to the
surface 15 vistble in the flat band voltage shift of the
order of 28V, A strong nerease of the number of
interface states is again ohserved when a large number
of positive sodium ions is present at the interface. The
background of states in the sample was quite high of
the order 3x 10" em eV ' Because of the mobility
of sodium 10ns in S0, the density of states could not
be measured at high temperatures (greater [S0K)
under the bias conditions i the measurement. The
obsegved result for sodium, however, is simitar to the
case  of cestum which is stable up to  high
temperatures.

A result of lead implantation prior to oxidation is
shown in Fig. 9. The density of states and the capture
cross-section are shown as a function of the measure-
ment temperature. Note the change in the scale for the

Ngg (e 2av)
SodiumDrift  n-type S
A +10V 30Min Uggs= -3V

12
310 B -10V 30Min Usga-6V

A

2108

13

300 250 200 S0 100 $0TK)

Fig. 8. Density of interface states obtamned by the CC-DLTS
measurement for a sodium contanminated MOS structure. Sodium
wns were dnfted to the interface (curve A) and to the metal gate
tcurve B) by a de buas stress as shown 1n the insert. Values of the flat
band voltage for each case are also shown 1n the insert
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Fig 9. Density of interface states N and capture cross-secuion a, for
a MOS structure implanted wuh lead prior to oxidation

N,, value in comparison 1o cesium in Fig. 7' The
increase in the number of states at low temperatures 1s
much weaker than for cesium and comparable to the
behavior in clean samples. A peak 1s observed at 240K
which appears in the density of states and the capture
cross-section. The background of the capture cross-
section for the continuum of interface states shows the
same gencral behavior as was observed for cesium.

In order to study the effect of radiatnion damage we
have implanted a noble pas ton (Xe) prior to oanidation.
The sample preparation was not changed The result i
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G tem?y]  Based on the presented CC-DLTS results in com-
Nas (e 2"y Xe n-type Si 5 " parison with earlier measurements using the con-
post-implantation °’"°°"°':Du 2 ductance technique [11] we arrive at the following
tm, . . A
N v conclusions on the influence of impunties 1in the MOS
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Fig. 10. Density of interface states N, and capture cross-section
a, for a MOS structure implanted with Xe-ions prior to oxid-
atuon. The implanted doses are shown in the insert

’

shown in Fig. 10 for two implanted doses of 10" cm ™ ¢
and 10" ¢m ™% The observed result for the dose of
10'*em™ 7 is similar to the behavior of lead. Peaks are
observed in the density of states and capture cross-
section around 250 K. The density of states shows a
weak increasc at low temperatures where states close
to the conduction band edge are observed. The capture
cross-section decreases to low values. For a high
implanted dose 10'*em ™2, the density near midgap
observed at high temperatures remains low. however,
at shallow energies the density of interface states
increases very steeply. This behavior seems similar to
the behavior of cesium, however, the capture cross-
section also shows a steep increase for the high Xe-
dose. It is therefore assumed that a new type of level
appears at high implanted doses.

Conclusions

The observed results demonstrate that CC-DLTS is
very useful to study MOS interface states. The capture
cross-section and the number of states are directly
observed in a temperature scan of the DLTS cor-
relation signal. The temperature variation can be
interpreted as an energy scale. It has been shown
earlier {6] that the variation of the capture cross-
section is energy dependent. CC-DLTS is especially
useful to study the energy region in the vicinity of the
bund edge. This region was not accessible by other
techniques which use the Fermi level to probe the
energy position because potential fluctuations smeared
out the energy resolution.

interface on n-type silicon:
- alkali ions increase the number of fast wterface
states 1n the energy region close to the conduction
band edge
- the density of interface states in the midgap regron 1s
very little affected by impurities
- lead 1ons do not senously affect the number of
interface states up to doses of the order of 10" em 2
implanted prior to oxidation
- ton implantation prior to oxidation causes a dumage
level near midgap which appears as a peak in the CC-
DLTS temperature scan. independent of the implanted
type of ion. Tests with the conductance technigque did
not show this level. The peak s probably a bulk Si
level in the vicinity of the interface because only the
CC-DLTS technique is sensitive 1o bulk levels
- the capture cross-section s energy dependent [6].
The order of magnitude near nudgap 1s 10 P em?.
The value indicates a neutral trapping center. Near the
band edge, the value of the capture cross-section drops
to very low values of less than 107 "¥em?
- the emission rate from mterface traps is purely
temperature activated. This conclusion 1s a con-
sequence of the observed quantitative agreement with
results of the conductance technigue
~ tunneling to trap centers in the oxide can be ex-
cluded because tunneling would be temperature inde-
pendent. It is therefore not visible in a temperature
scan. Tunneling together with a temperature activation
would lead to a discrepency with results of the con-
ductance technigue because in the evaluation of the
CC-DLTS result only temperature activation has been
taken into account. However. CC-DLTS and the
conductance measurements are in accordance within
the measurement error

except in the discrete peaks observed around 240 K.
all the interface states are of the same type. The
observed variation in density and capture cross-section
can be interpreted as a gradual property variation of
the same type of state as a function of its energy
position. Especially, a transition from one type of state
to another can be excluded because two different
capture cross-sections are never observed for states at
the same energy position. A step in the capture cross-
section would be observed if a transition from one (y pe
of state to a new type at @ given energy is present
- the charge model [12] for the interpretation of
interface states seems very unlikely. In the charge
modecl. the free electron is bound to the positive charge
center in the oxide similirly as to a donor center n
bulk crystals. The charge model cannot account for the
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capture cross-section near the band edge. For an
attractinve center, the capture cross-section for weakly
bound clectrons is expected to increase rather than to
drop to low values as it is observed for bulk donor
fevels.

1 heoretical models which dre known at present cannot
caplam all the observed effects on interface states in
MOS structures on n-type silicon. Since the number of
states s related to the oxide charge. the charge center
m the oxide and its coupling to the lattice (mul-
tiphonon ‘emission) may dominate the trapping of
clectrons at the interface. Further experimental details
are necessary to develop a theoretical model on firm
erounds.
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